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Abstract 
Fuel cell vehicles (FCV) are being seriously viewed as a clean alternative for transportation as it uses hydrogen and 
emit zero harmful tailpipe emissions. Due to this greater interest, research on FCV at many levels is being performed 
in all parts of the world. A generic prototype FCV was developed locally as part of a continuous work on 
understanding the underlying mechanism and optimization of the FCV power train. The 104 kg FCV is driven by a 
1.2 kW PEM (proton exchange membrane) fuel cell and 360 W rated power of Brushed DC Maxon motor. This paper 
reports the simulation, experimental and validation tests of the prototype FCV using a custom made inertia 
dynamometer test bench. This test bench is equipped with data logger that is able to log voltage, current, speed and 
time. The test bench was designed to simulate actual of vehicle performance parameters such as energy flow, 
acceleration resistance, rolling resistance and aerodynamic drag. The overall power consumption and energy 
consumption of the FCV was analyzed as a final outcome.  
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1. Introduction 
Internal combustion engines development especially automobiles, is one of the greatest achievements 
of modern technology. Automobiles have made great contributions to the growth of modern society by 
satisfying many of its needs for mobility in everyday life. The fast growth of the automotive industry, 
unlike that of any other industry, has encouraged the progress of human society from a primitive one to a 
highly developed industrial society. The automotive industry and the other industries that serve it 
constitute the backbone of the world’s economy and employ the greatest share of the working population. 
 However, fossil fuel used by combustion engine vehicles is the major source of harmful air pollutants 
such as greenhouse effect, regional acidification and climate change. To solve the problem dependence on  
oil, is to use electric energy for electric vehicles based on different energy sources are being considered  
such as biodiesel, ethanol, solar and fuel cells which are replacing the traditional non renewable energies. 
Thus, electric vehicles have a strong development for different applications such as cars, scooters, bicycle 
and others. Proton Exchange Membrane (PEM) fuel cells are considered as one of the most alternative 
fuels, a potential replacement for the conventional internal combustion engine (ICE) in transportation 
applications [1]. The advantages of PEM fuel cell powered vehicle as a high efficiency, quick start up, 
low operating temperatures, high current density and zero pollution. Manufacturer form Hyundai who the 
first company take a challenge when they announced they be the first car manufacturer to commercialize 
fuel cell electric vehicle (FVEC) in 2012. The first action by supplied 100 units of FCEV to be use as 
taxis in South Korea [2]. Then, followed by the world largest car maker Toyota Motor Corporation when 
the manufacturer scheduled for production on 2014 [3].  
Many researchers involves the study in FCEV to find an alternative and great inventions idea that will 
change the concept of vehicle for the improvement the efficiency, cost, fuel consumption and etc. In order 
to test the overall performance of the vehicle needed to take a large number of road tests under different 
circumstances. Taking account of the high cost of real vehicle test, the propose simulation test using test 
bench was conducted. A number of articles in the literature have focused on electrical vehicle test bench 
studies [4] such as [5, 6]. This paper presents a laboratory test bench using inertia dynamometer test 
bench. The aim of the studies at this test bench is to analyze and validate the test bench with real on road 
conditions.  Different approaches have been reported to study the vehicle behaviour based on models of 
the system and other test using dynamic loads. The method is feasible and cheap but the results obtained 
depend on the model accuracy to represent the real system. The simulation and experimental obtained 
results are analyzes based on the demands of power and energy to be taken into account to define the 
PEM fuel cell vehicle design. 
 
2. Numerical Model  for prototype PEM fuel cell vehicle 
 
In order to model the dynamic behaviour for prototype PEM fuel cell vehicle on a test bench, 
knowledge about the physical aspects of the vehicle should be known. The entire numerical model is 
based on the prototype PEM fuel cell car. The objectives of the fuel cell vehicle model is to predict the 
performance of the prototype PEM fuel cell car on the custom made inertia dynamometer platform, and 
understanding the vehicle acceleration characteristic. The total power of the prototype PEM fuel cell 
vehicle must be calculated and measured before simulate the performance of the vehicle. The 
characteristic of the vehicle list shows in Table 1.  
The total power in PEM fuel cell vehicle also known as total tractive effort, Fte. With the design of the 
car and the target of achieving energy efficiency, calculations of the total power are needed in the 
beginning. All the mechanical resistance was identified. The motion resistances are given by the sum of 
rolling resistance, Frr, aerodynamic resistance, Fad, climbing resistance, Fhc and acceleration resistance, Fla. 
In this study, assumption for hill climbing force is zero. All the forces are written in equation below: 
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hcFlaFadFrrFteF                        (1) 
mgsinθma2vdρACmgrrμteF                (2) 
           
Table 1. Car specifications 
 
 
where μrr is rolling coefficient, A is vehicle frontal area, Cd is drag coefficient, m is vehicle mass, ρ is for 
air density, a is acceleration and sin θ is a gradient. The following mechanical features of the prototype 
car were entered in the model shown as below: 
 
z Drag coefficient, Cd=0.062 
z Aerodynamic frontal area, A=0.0016 m2 
z Mass, m=104 kg 
z Rolling coefficient of tire (manufacturer’s data), μrr =0.0025 
z Traction wheel diameter, r=0.2425 m 
 
Fig. 1 presents a prototype PEM fuel cell car. The mechanical features of the car have been improved 
and the above parameters were taken as a constant for the present study. In the case of a flat track, the 
mechanical power needed to drive the car at 30 km/h is equal to 324.87 watt, where 21.26 watt are needed 
to overcome the rolling friction, 2.69 watt needed for aerodynamic friction and 300.93 watt are needed for 
acceleration friction.  
 
3. Vehicle simulation inertia test bench characteristics 
 
Inertia test bench is used to study transient effect of the vehicle inertia on its propulsion system and 
simulate dynamic power demand changes regarding it mass by using a simple test bench system 
consisting of a motor connected to a large flywheel. The test bench simulate several parameters such as 
rolling friction, aerodynamic drag coefficients, vehicle mass, wheel radius, real time vehicle speed and 
wheel torque. In an inertia test bench, the motor test is typically the vehicle’s traction motor and flywheel 
utilized to simulate vehicle inertia. The simulation process used only one motor and connected to a 
flywheel. It allows for simple and easy test platform. The real overview for the inertia test bench is shown 
in Fig. 2. Flywheel is the combinations of shafts, wheel and pieces of iron wheels. Flywheel used for 
emulating vehicle inertia effect since the magnitude of the acting torque on the flywheel is proportional to 
the rate of change of its rotational speed. The equivalent dynamic equation for the test bench can be 
expressed as:  
Vehicle parameters Values 
Dimension (LxWxH) 2.7 m x 0.6 m x 0.6 m 
Vehicle mass + driver 104 kg 
Body material  Carbon fiber, fiber glass, Polyurethane (PU) foam 
Front surface area 0.1 m2 
Chassis Aluminum 
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Fig. 1. PEM fuel cell prototype vehicle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Inertia test bench. 
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where ω is the shaft rotational speed and Jflywheel  is the rotational inertia of the flywheel connected to the 
shaft.  
 
Acceleration simulation 
 
The test vehicles were prototype PEM fuel cell car and weight of 104 kg when loaded. The vehicle was 
powered by 1.2 kW fuel cell stack by Horizon using pure hydrogen. The test was carried out on a flat and 
wide track within the university. Test data for the vehicle were sampled every second using an Eagle Tree 
data logger. The data logger is a portable measurement system that is capable of real-time monitoring and 
collection data such as voltage, current speed and power input. The results illustrate in Fig. 3 and Fig. 4 
observed the voltage curve profile is directly proportional indicates the acceleration of the vehicle. 
Acceleration performance for on road and test bench can be determined by looking at total acceleration 
time in top speed 30km/h.  
The value represents linear and angular acceleration of the car. Constant velocity on the graph 
represents a combination of aerodynamic resistance and rolling resistance. All the value used to calibrate 
the inertia test bench. In order to simulate actual vehicles acceleration on the test bench uses the 
expression for kinetic energy in the linear and rotational context. The total kinetic energy stored in a 
moving vehicle is a combination of its translational kinetic energy and its rotational kinetic energy:  
2
wJω
2
12mv
2
1
E                  (4) 
Upper mass for simulate 
rolling resistance 
Traction wheel 
Flywheel fro simulate 
vehicle inertia 
Flat blade for simulate 
aerodynamic drag 
Inertia wheel 
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where m is the vehicle mass, v is the vehicle linear velocity on m/s, ωw  is the rotational velocity of tires 
in rad/s and J is the rotational inertia of all rotating components  calculated at wheel. The formula to 
expressed kinetic energy of the static rotating flywheel is as the following equations:  
 
fwJ
2
fwω2
1
E  
                (5) 
2
fwω
2
wJω2mv
fwJ
 
                             (6) 
 
  
 
Fig. 3. On-road power consumption profile at conditions of (a) acceleration period, and (b) constant speed period 
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Fig. 4. The power consumption profile from inertia test bench for (a) acceleration period and (b) constant speed period 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Shape effects on drag including the corresponding drag coefficient, Cd [7]. 
 
where ωfw represents flywheel angular velocity and Jfw represents total flywheel moment of inertia. Both 
equations are required to find mass flywheel as follows: 
 
Aerodynamic simulation 
 
Rushton turbine concept used to simulate aerodynamic resistance. The experiment was conducted to test 
the power consumed by motor with different blade sizes. In this study used the flat plate with Cd  value=  
1.28 where the shape of an object has a very great effect on the amount of drag (Fig. 5). By using the 
general aerodynamic model, both elements were equated according to the equation below: 
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where Ac is vehicle frontal area  for the car, Cdc is drag coefficient for the car, vc is the  car velocity, Ab is 
frontal area  for the test bench, Cdb is drag coefficient for the test bench and vb is the  test bench velocity. 
 
Table 2. Relationship between actual vehicle load and inertia test bench load 
 
Car Test bench 
Component Value Component Value 
Acceleration 
104 kg total mass + 0.67 kg/m3 wheels 
inertia 
Acceleration 36 kg 
Aerodynamic 
resistance 
0.062 drag coefficient and 0.1 m2 
Aerodynamic 
resistance 
1.28 drag coefficient and 0.00096 m2 
frontal area 
Rolling 
resistance 
104 kg total mass 
Rolling 
resistance 
10 kg iron + 4 kg traction wheel + 4 kg 
structure 
 
 
 
Table 3. Summarization of the testing results 
 
 On Road Test  Inertia Test Bench Test 
Acceleration time, t 24 seconds 24 seconds 
Time due to moment inertia, t 62 seconds 53 seconds 
Power consumption 310.83 watt 306.24 watt 
Fuel consumption 9.6 liters/seconds 9.48 liters/seconds 
 
Rolling resistance simulation 
 
Inertia test bench used one wheel to represent the three wheels of the prototype PEM fuel cell car. 
According to Roche et al.[8], the coefficient of rolling resistance for Michelin Radial tires used is 0.025 
when operating on asphalt concrete road. On the inertia test bench, go-kart wheels and tires used to 
simulate the rolling test bench. Simulation for rolling resistance expressed by the equation: 
 
3
rrmg
rrF
P 
                 (9) 
4.  Result and discussion 
 
Test bench calibration 
 
The vehicle simulation on test bench is compared to the vehicle model and result from on road 
experimental. Three main elements involve in the calibration such as acceleration load, aerodynamic 
resistance load and rolling resistance load are shown in Table 2. The inertia test bench was calibrated by 
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comparing three methods of acceleration analysis.  Fig. 6 shows the analysis result between vehicle model 
analysis, inertia test bench analysis and on road analysis and the summarization of the result shows in 
Table 3. From these graph were found that the profile of these acceleration curve shown almost in similar 
profile pattern. The acceleration time for the analysis exactly same are 24 seconds before the vehicle 
freewheeling. In freewheeling conditions (rolling resistance), for on road  test the time taken is 62 
seconds and on the test bench is 53 seconds. The different time taken between on road and test bench 
because several factors such as the road condition and pressure of the tire. The energy consumption 
required to lunch the car in 30 km/h sharply increase for both on road test and on the test bench analysis. 
The maximum traction power needed for on road test is 310.83 watt, test bench and modelling are 
306.24 watt and 324.87 watt, respectively. The different power between on road and test bench is 4 watt. 
Note, however, that this prediction is difficult since the power requirement depends on many physical 
elements such as the operator’s driving pattern, the vehicle’s state and the road condition. Usually, the 
driver will control the acceleration and deceleration manually by increasing and decreasing the throttle. 
By manually throttle, the possible where the driver maybe over or less accelerates during driving 
occurred. Theoretically, for modelling the power is proportionally increase from 0 to 30 km/h. 
Mathematical modelling usually used to sizing the components of the system. For aerodynamics 
simulation is negligible due to the system in low speed (30 km/h) and the design of drag coefficient, Cd 
value is very small; 0.162.  
Fuel consumption during the testing is recorded using the hydrogen flow meter. Theoretically, the 
hydrogen consumption is a direct conversion of the electrical current produced. In this system, the current 
is the load demand by the motor which varies with the artificial load given and the vehicle speed 
requirements. The hydrogen consumption for acceleration from zero to 30 km/h for road test and test 
bench are 9.6 litres per seconds and 9.48 litres per seconds, respectively. These results indicate that the 
artificial loads to simulate real loads from the vehicle on inertia test bench were successful. The energy 
consumption and fuel consumption are similar for both methods.  
 
 
Fig. 6. Fuel cell power demand profiles during acceleration 
5. Conclusions 
 
The methodology to analyze the PEM fuel cell vehicle dynamic based on simulation using inertia test 
bench and experimentation has been proposed in this paper. The mathematical analysis allows a model to 
be developed and an inertia test bench to be designed based on typical PEM fuel cell vehicle parameters. 
The test bench implemented can emulate a scale of PEM fuel cell vehicle. The equivalences between a 
real and the scale PEM fuel cell vehicle can be from the vehicle dimensions or capacity of the vehicle. 
The acceleration curves of the vehicle and the inertia test bench have been presented. The curves show 
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the demands of power and energy to be taken into account to define the PEM fuel cell vehicle design. The 
different power between on road and test bench is 4 watt. It is very small different value. So, it is 
important to mention that the proposed inertia test bench considered improves the PEM fuel cell vehicle 
behavior which is close to real PEM fuel cell vehicle applications and reliable to used.  
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